We identify the bounds on supersymmetric effective operators beyond MSSM, from heavy diphoton resonance (X) negative searches at the LHC, where X is identified with the neutral CP-even (odd) H (A) or both (mass degenerate). While minimal supersymmetric models (MSSM, etc) comply with the data, a leading effective operator of d = 6 can contribute significantly to diphoton production σ ∼ 1 fb, well above its MSSM value and in conflict with recent data. Both the bb and gg production mechanisms of H and A can contribute comparably to this. We examine the dependence of the diphoton cross section σ on the values of m X , Λ and tan β, under the experimental constraints from the SM-like higgs couplings hgg and hγγ (due to mixing) and from the bb and tt searches. These give Λ larger than ∼ 5 TeV for m X in the range 0.5 − 1 TeV. We show how to generate the d = 6 effective operator from microscopic (renormalizable) models. This demands the presence of vector-like states beyond the MSSM spectrum (and eventually but not necessarily a gauge singlet), of mass near Λ and thus outside the LHC reach.
Motivation
Current searches for new physics at the LHC bring increasingly strong constraints on the parameter space of supersymmetric models. Consider for example a final diphoton state at the LHC. Then at the parton level, the exchange of a state X of spin J, mass m X and width Γ X has a cross section
where the sum is over partons p = {g, b, c, s, u, d, γ}. C pp are partonic integrals coefficients evaluated at m X . LHC searches for a heavy diphoton resonance (X) can impact on model building beyond the Standard Model (SM), in particular on supersymmetric models. Much interest was raised by the initial claim by ATLAS and CMS Collaborations at √ s = 13 TeV of a possible diphoton final state of m X = 750 GeV with an excess relative to the SM [1] (also [2, 3] ), with σ(pp → γγ) ATLAS = 10 ± 3 fb and σ(pp → γγ) CMS = 6 ± 3 fb. Further, the analysis of additional data invalidated this claim [4] . This is actually welcome for minimal supersymmetric models (MSSM, etc) where it is not possible to have a heavy resonance X with such significant σ [5] , except if 1 . a): one is fine-tuning the parameters [11] with X the CP even/odd heavy higgs X = H, A, or b): considers the rather special case of low, TeV-scale supersymmetry breaking with X a sgoldstino [12] , see also [13, 14, 15] .
However, we show that effective operators beyond the MSSM (minimal) higgs sector can contribute dramatically to the diphoton production (giving σ ∼ few fb) not seen in the data [4] . The resonance X is the CP-odd/even neutral MSSM higgs A or H or both (mass degenerate). This result is due to enhanced couplings of the higgs sector to SM gauge bosons, induced by the following unique, leading operator of dimension d = 6
where W α is the supersymmetric field strength of the SM sub-groups U(1) Y , SU(2) L , SU (3) . Depending on Λ, operator (2) can bring a large correction to the diphoton production in conflict with the latest data, with impact on H, A searches. Motivated by this, we study the constraints on this operator and examine the dependence of the diphoton cross section σ on the values of m X , Λ and tan β, while including both the bb and gg production mechanisms of X = A, H. The experimental constraints on the SM-like higgs (h) couplings hgg and hγγ and on the bb (tt) cross section (that receive corrections from (2)), are also applied, with impact on the allowed m X , Λ and tan β. For a given σ ∼ 0.1 − 1 fb, we illustrate these constraints for m H,A in the range 0.5 − 1 TeV (in particular for the absent "resonance" at 750 GeV). We then show how operator (2) is generated in a renormalizable model beyond MSSM; an extra d = 5 operator may also be generated (in some cases) and does not directly affect the diphoton production but may improve naturalness [16] .
In section 2 we study the new couplings induced in the MSSM higgs sector by the d = 6 effective operator and its effect on the diphoton production. Section 3 shows how these operators are generated in a renormalizable model. Our conclusions are found in Section 4.
Effective operators and diphoton resonance
We consider the MSSM model extended by (supersymmetric) effective operators in the higgs sector and study the diphoton production cross section σ due to a possible resonance X identified with H and/or A. We compute the corrections to the couplings of H, A and h, and the branching ratios of H, A. We then illustrate the correlations between the values of Λ, m X , tan β and σ, consistent with the constraints from Higgs signals/decays.
New couplings from effective operators beyond MSSM
From all effective operators of dimensions d = 5 and d = 6 [16, 17, 18] beyond the MSSM higgs sector, we find only one leading operator that can contribute to a diphoton resonance
which has dimension d = 6. Here j = 1, 2, 3 labels the U(1) Y , SU(2) L , SU(3) gauge groups of gauge couplings g j , so we actually have three operators, with coefficients 2 c j = O(1) and Λ a free parameter. κ j is a constant that cancels the trace factor. (W α ) j is the field strength of a vector superfield V j . The relevant part is 3
withF µν = (1/2) ǫ µνρσ F ρσ . With real c j one has, in a standard notation
where F µν is the photon field strength, H (A) are the CP-even (odd) neutral higgses and
2 The coefficients cj = O(1), j = 1, 2, 3 enable us later to turn on/off any of operators L1,2,3.
with the notations: c αβ = cos(α + β), s αβ = sin(α + β), c 2β = cos(2β), c w = cos θ w , s w = sin θ w , s 2w = sin 2θ w . Let us also consider the effect of the gluon operator 4
where
The Lagrangian of the MSSM corrected with L 1,2,3 induces the following couplings
The coefficientsâ,b andĉ above are related to their counterparts without a hat:
The coefficients multiplying v 2 /Λ 2 are those of eqs.(6), (8 are loop-induced, due to the MSSM (in the absence of the effective operators). They bring a very small branching ratio to photons [5] relative to v 2 /Λ 2 terms and we present them in Appendix A in the decoupling limit (α → β − π/2) in which we work in this paper. We show that their corrected versionâ,b,ĉ of eqs. (9), (10) can bring a heavy diphoton resonance of large σ ∼ 1 fb, in our model defined by MSSM extended by eq.(3), in possible conflict with the latest data.
Decay branching ratios of A and H
To discuss the diphoton production we first analyze the impact of the corrections in eq. (9), (10) on the decay rates of the heavy neutral CP-even (odd) Higgs H (A), respectively. The decay rate of H is Γ H = i Γ(H → i), where
4 If c3 has an imaginary part, one also has 
brings the largest branching ratio of H (A) to γγ, for appropriate relative signs of c j , j = 1, 2, 3.
valid in the decoupling limit and These plots remain similar for other c 1 , c 2 , c 3 used later. A narrow width region Γ X ≤ 5 GeV corresponds to low 2 ≤ tan β ≤ 12 while for larger tan β one has a large width regime.
The decay rate of the heavy neutral CP-odd Higgs
In figure 1 the branching ratios of H decays are presented as functions of tan β, for different c 1,2,3 . The dominant decays modes are into tt at low tan β < 6 and bb at large tan β while near tan β ∼ 6 or so, they are comparable. The remaining decay modes have smaller, often comparable rates. For A, one has nearly identical plots. Compared to individual
brings the largest branching ratio of H (A) to γγ, for suitable relative signs of c 1,2,3 (shown). As an illustration, we used m X = 750 GeV (X = H, A) but these plots are similar for 500 ≤ m X ≤ 1000 GeV. The total Γ H,A is shown in figure 2 . tan β controls the width of the resonance X (X = A or H). At low 2 ≤ tan β ≤ 12, Γ X ≤ 5GeV and one has the limit of narrow width (Γ X /m X ≪ 1). 
Diphoton searches at large m H,A
Assuming a resonance X = H, A, we include the dominant gg and bb production channels and consider the contributions of A and H to a diphoton final state. From eq.(1)
where K gg , K bb are K-factors, given by K gg = 1.5, K bb = 1.2, and C gg , C bb are parton luminosities. Their values depend on the mass of the resonance, as shown in figure 3 , that we generated with the CTEQ5 package [19] . Using the information in figure 3 for the coefficients C gg and C bb one can compute the diphoton production cross section for different values of the resonance mass. This dependence is shown in the plots of figure 4, for a fixed scale Λ = 4.2 and 4.8 TeV of the effective operator and different tan β and c 1,2,3
5 . Both production channels bb and gg of H, A contribute, see figure 5 . In some cases, the cross section can be large, σ ∼ few fb, well above its value in the MSSM alone and this can conflict with the latest data [4] . To avoid this situation, as seen in figure 4 , a larger m X and/or larger Λ and/or large tan β may be required, correlated as shown. If the value of σ is known from experiments and assuming X = H, A, these plots together with constraints on SM-like Higgs physics can be used to set stronger bounds on the correlation of Λ with tan β and m H,A . We shall do this shortly for m H,A in the range 0.5 − 1 TeV. 2) . Region "W" is excluded by the constraint R bb ≡ Γ X→bb /Γ X→γγ ≤ 500(r/5), X = A, H. The plots in the right column have CMS bounds on κ γ and κ g applied which excluded the low tan β regions. A dotted (continuous) curve in a colour rules out the area (if present) in the same colour situated above (below) that curve, due to bb (tt) searches, respectively [7] . The corresponding region of this "resonance", for fixed Λ, is the area in a given colour below the dotted curve in the same colour, in the right column of plots.
2.4
The dependence of σ on m H,A and the missing 750 GeV "resonance"
As seen in the previous section, L 1,2,3 may provide a diphoton production cross section that is as large as few fb, as initially reported by ATLAS/CMS [1] , at m X = 750 GeV, (X = H, A), now ruled out by recent additional data [4] . In the following we first detail the exclusion limits on the scale Λ, correlated with tan β, from the absence of this resonance. We then consider the general case of varying 0.5 TeV≤ m H,A ≤ 1 TeV and explore the dependence of σ on m H,A , Λ and tan β, under the experimental constraints from the SMlike higgs couplings hgg and hγγ and from bb and tt searches. Both production channels of X = H, A are included and either of these may dominate (figure 5). Figure 6 shows the parameter space giving the initially found σ(pp → H, A → γγ) = 6 ± 3 fb at m X = 750 GeV, mediated by H or A or both (mass degenerate case 6 ). The allowed parameter space is similar for A and H. In this figure the relative signs of |c j | ∼ 1 were chosen to maximise the diphoton production for given Λ. Note that the effective cutoff of an operator is ultimately Λ/ |c j |. Narrow resonance: For low 2 ≤ tan β ≤ 12 (figures 2, 6) one has a narrow width, Γ H,A ≤ 5 GeV. For tan β ≤ 8, the gg production channel of H, A dominates; for 8 ≤ tan β ≤ 12 the bb channel is also relevant (figure 5).
Let us see the effect of the constraints from the SM-like higgs (h) rates. In figure 6 the low tan β region contributes to h → γγ (photons) and h → gg (gluons) and can even enhance (reduce) the rate of h → γγ beyond the SM value for negative (positive) c 1,2 , respectively [20] 7 . Define by κ γ and κ g the scaling coefficients of the amplitude of the SM-like higgs couplings to γγ and gg; then one has [21] (see also [22, 23] ): CMS, 68%CL :
ATLAS, 68%CL :
We used the CMS constraint in fig. 6 at 95% CL, with κ 2 j = Γ h→jj /Γ SM h→jj , j = γ, g. As a result, 2 ≤ tan β ≤ 10 or so is in conflict with these constraints from h decays and this region, largely overlapping with our narrow width regime, is ruled out. Further, tt searches also rule out some parameter space close to 1 ≤ tan β < 8 but the bound found is in general weaker than the above bounds from h signals 8 . As a result, the parametric region in figure 6 corresponding to this narrow "resonance" is a small region at the tip of each coloured area of fixed Λ with tan β ≈ 10 − 12.
Broad resonance: The region 34 ≤ tan β ≤ 38 (40 ≤ Γ H,A ≤ 50 GeV, fig.2 ) marked as "W" in figs. 6, where the bb production mechanism dominates (if |c 3 | ≈ 1 − 2, fig.5 ), is ruled out by constraints such as those in Table 1 , of which R bb < 500 is the strongest. Further, bb searches with a cross section bound ≤ 5 pb at 13 TeV (Table 1 in [7] ) are also marked in figs.6, with a dotted curve in a given colour that rules out any area in the same colour situated above that curve. This leaves a parametric area bordered by tan β ≤ 25 with Γ X ≤ 25 GeV (tan β ≤ 18, Γ X ≤ 12 GeV) for σ ≈ 3 fb (σ ≈ 9 fb) respectively, for mass degenerate A and H and Λ/ |c j | fixed.
With this resonance now ruled out, one must then exclude its parametric region bordered by 10 ≤ tan β ≤ 25 (10 ≤ tan β ≤ 18) for σ ≈ 3 fb (σ ≈ 9 fb), respectively and demand the effective scale be larger than Λ/ |c j | ≈ 4.2 TeV. We checked that similar bounds apply for mildly different values of c 1,2,3 and from unity. These bounds are relevant provided that all L 1,2,3 in eq.(3) contribute. Since L 3 is the dominant contribution, if c 3 = 0 then one has a much smaller diphoton cross section. If c 2 = 0 (or c 1 = 0) and c 3 = 0 i.e. only L 1,3 (L 2,3 ) are present, total σ is again reduced; one may still reach σ ∼ 3 fb by compensating with an increase of the remaining coefficients, but then Λ/ |c j | may become too low for a reliable effective expansion. 6 In the decoupling limit we use, valid for mA = 750 GeV, the mass splitting δm between A and H can be neglected m
, so δm ≤ 2 GeV for tan β > 3 and decreases further at larger tan β. 7 This is due to coefficientsĉγγ or cγγ which contribute at low tan β, see eqs.(6), (9) for α → β − π/2. 8 The bound used for tt searches is σ(pp → X → tt) < 2250 fb (13 TeV), see Table 1 in [7] . Table 1 : Upper bounds on the partial widths R ab = Γ X→ab /Γ X→γγ , (X = H, A), obtained from 8 TeV data scaled to 13 TeV, with r = σ 13TeV /σ 8TeV ≈ 5 and a wide resonance Γ H,A = 45 GeV [7] . They apply at large tan β. R bb is the strongest bound. We return now to a general case of varying m H,A in the range 0.5 TeV ≤ m H,A ≤ 1 TeV. Figure 7 shows the dependence of the diphoton cross section σ on m H,A and tan β, under the experimental constraints from hgg and hγγ couplings and bb, tt searches. The cross section bounds for the bb and tt searches depend on m H,A ; we used the observed values (95% CL) for bb searches of figure 6 in [26] and for tt searches of figure 2 in [27] , for the range of m X considered in our figure 7. These values were scaled to √ s = 13 TeV. The dependence of the parton coefficients on m H,A is also included (see figure 3) . Large values of diphoton cross section σ ∼ 0.1 − 1 fb (well above the MSSM value) are obtained when both L 3 and L 1 are present, for Λ = 4.8 TeV (right plot in fig.7 ). For |c 3 | only mildly different from unity |c 3 | ∼ 1.3 or if also c 2 = 0, then σ increases further from the values shown. Unlike for the 750 GeV "resonance", there are now regions of low tan β < 10 with a large diphoton production such as: σ ∼ 1 fb for m H,A ∼ 550 − 650 GeV, or σ ∼ 0.4 fb for m H,A ∼ 1 TeV, that pass all the above constraints 9 . Increasing Λ above ∼ 5 TeV or considering instead only individual operators, e.g. dominant L 3 (left plot in figure 7 ), can reduce σ significantly. This ends our analysis of the diphoton cross section for m H,A in the range 0.5 − 1 TeV.
Microscopic models for L 1,2,and higgs mass corrections
Having seen the role of L 1,2,3 on the diphoton cross section, we now explain their possible origin in a renormalizable model. We also address their effect on the higgs sector masses. 1,2,3 L 1,2,3 may be generated in the MSSM with additional states with mass of order Λ. To see this, consider a massive gauge singlet S that couples to the higgs and gauge sector as in: (17) f (S) = S/M 2 is a gauge kinetic function of a SM subgroup and M 2 some high mass scale. To generate all L 1,2,3 the coupling to the gauge sector is extended to
Microscopic origin of effective operator(s) L
We integrate out the superfield S via its eqs of motion and find after some algebra and consistent truncation of higher orders
In the rhs of the above equation there are two more terms: (18) to (3), we identify λ = c j /2 and c 0 = −λ 2 /2 = −c 2 j /8. Another way to generate (H 1 .H 2 ) Tr(W α W α ) F is at one-loop, without a massive singlet. One considers only copies of massive vector-like states as in diagram (2) of fig.8 .
To conclude, a heavy diphoton resonance (X = H, A) of large cross section is present if SM-charged, massive vector-like states (and possibly a singlet) are present beyond MSSM; after decoupling, they generate L 1,2,3 . Other ways to generate the d = 6 operator(s) may exist. The vector-like states have a significant impact on the gauge couplings unification at one-loop, unless they are complete SU (5) multiplets [28] . 
Implications for Higgs sector masses
Unlike the "gluon" operator L 3 , the "electroweak" operators L 1,2 of eq. (3) also impact on the higgs masses m 2 h,H = M 2 h,H + ∆m 2 h,H . Here M h,H denote the MSSM value. We find 11
where As we saw in the previous sub-section, a leading d = 5 operator
may also be generated from the UV complete (renormalizable) model, without direct contribution to the diphoton cross section. Its correction to the higgs mass is [16, 18] ∆m 2 h,H = 2µ
where ρ 1,2 are shown in eq.(B-4). With c 0 µ > 0, a numerical analysis shows a significant increase of m h for small tan β < 10, by as much as ≈ 10 GeV [16] . This increase can reduce the amount of EW scale fine tuning by a significant factor [16, 24] relative to its MSSM value at low tan β region (which is an otherwise very fine tuned MSSM region).
Conclusions
Current searches for "new physics" at the LHC bring increasingly strong constraints on the MSSM-like models. Their parameter space becomes smaller, with negative implications for their naturalness. However, simple extensions of their minimal higgs sector, parametrised by effective (supersymmetric) operators, relax the parameter space or even improve naturalness. We studied the constraints on such operators that can enhance dramatically the couplings of the higgs sector to SM gauge bosons and thus the heavy diphoton production. Minimal models (MSSM) have a small diphoton cross section at large m H,A , unless one is fine-tuning the parameters. We identified leading operators of dimension d = 6 in the higgs sector (1), that enhance the couplings to SM gauge bosons, with L 3 having the dominant effects. For m H,A in the range 0.5 TeV≤ m H,A ≤ 1 TeV, the combination L 1 + L 3 can lead to a large diphoton production σ ∼ 0.1 − 1 fb, well above the MSSM value. The analysis included both gg and bb production mechanisms (of X = H, A) and either of these may dominate. We examined the correlation between the diphoton cross section σ and the values of m X , Λ and tan β, under the experimental constraints from SM-like higgs couplings hgg and hγγ (due to mixing) and from bb and tt searches. These give Λ/ |c j | > 4.8 TeV where the effective approach can still be trusted, for m H,A between 0.5 − 1 TeV.
Regarding the initially claimed resonance at m X = 750 GeV with even larger σ (few fb), this could be reached if all L 1,2,3 contribute. Recent data ruled out this resonance, then not all L 1,2,3 are simultaneously present or the scale Λ/ |c j | is larger than 4 − 5 TeV.
We showed how to generate the d = 6 effective operator(s) from a UV complete (renormalizable) theory. This is possible by integrating out additional massive SM vector-like states beyond the MSSM spectrum, and eventually a massive singlet too, of mass O(Λ). An additional d = 5 operator in the higgs sector may also be generated at the same time, that does not affect directly the diphoton production, but may improve naturalness.
----------

Appendix: A Loop functions and couplings
In this section we present the expressions of the coefficients a loop .. , b loop .. , c loop .. , used in the text (section 2.1). To compute them and to fix the notation, we need the couplings of MSSM fields h, H, A to fermions and gauge bosons. These are, in a standard notation
Here α is the mixing angle in the Higgs sector. In this paper we work in the decoupling limit (m A large). Then α → β − π/2 and k t,b,w = 1 whilek t = − cot β,k b = tan β,k w = 0. Then we find the coefficients of the effective operators in eqs. (9), (10) and finally
where coefficients A () . are one-loop form factors, presented below. where with the upper (lower) sign for h (H).
